Summary Multiple epidemiological studies have emphasized the intake of dark green leafy vegetables rich in xanthophylls in reducing the risk of developing age-related macular degeneration (AMD). Therefore, the present study was undertaken to quantify the levels of major carotenoids in commonly consumed fruits and vegetables of Indian origin and of xanthophylls in the macula of Indian human donor eyes. Fresh fruits ( n ϭ 20) and vegetables ( n ϭ 51) collected from two zones of India were tested for the estimation of xanthophyll, lycopene and ␤ -carotene by using HPLC with Photodiode Array Detection. Lutein and zeaxanthin were quantified from macula and in selected vegetables collected from both southern (SI) and northern (NI) regions of India. Xanthophylls, ␤ -carotene and lycopene were found in many affordable vegetables commonly available for consumption in India. Higher content of lutein and zeaxanthin was confirmed in many economical leafy vegetables and fruits. Surprisingly, the mean macular levels of lutein and zeaxanthin of SI donor eyes ( n ϭ 13) were found to be significantly ( p Ͻ 0.001) four times less than in NI donor eyes ( n ϭ 15) and the macular levels of Northern India were comparable with reported levels in western populations. The present study showed considerable levels of xanthophylls in many of the commonly consumed fruit and vegetable sources in both parts of India. However, SI donor eyes showed lower levels as compared to NI donors and this warrants further investigation about the bioavailability of xanthophylls in their blood and food intake. The relevance of these findings with prevalence of AMD in South India needs to be explored.
Carotenoids are naturally occurring pigments in commonly consumed green as well as yellow fruits and vegetables. Two different classes of carotenoids are known 1) carotenes such as ␤ -carotene and ␣ -carotene, which are hydrocarbons, are either linear or cyclized at one or both ends of the molecule, and 2) xanthophylls, the oxygenated derivatives of carotenes ( 1 ) . All photosynthetic as well as many non-synthetic organisms of bacteria and fungi including cyanobacteria synthesize carotenoids as a function of protection against photo-oxidation ( 2 ). However, man is not capable of synthesizing carotenoids de novo and hence the availability is achieved only through the regular intake of fruits and vegetables ( 3 ) . Epidemiological reports suggest that the decreased risk of several chronic and degenerative diseases is purely in association with increased uptake of carotenoid-rich fruits and vegetables ( 4 , 5 ) . Among the carotenoids reported, lutein and zeaxanthin play a major role in the prevention of agerelated macular degeneration (AMD) and cataracts.
Unlike, ␤ -carotene getting converted to vitamin A, xanthophylls are reported to accumulate in the macular region of the human retina, where the oxidative damage of blue light is prevented by their absorption ( 2 , 6 , 7 ). They are selectively distributed in the center of the retina (macula) along with retinal binding protein, tubulin, and hence it is referred to as macular pigment ( 6 , 8 ) . Within the central macula, up to 75% of the total composition is zeaxanthin, whereas in the peripheral retina lutein predominates (67% or more) ( 1 ) . However, the data from the cadaver eyes showed variation in the ratio of lutein and mesoxanthin to zeaxanthin, which was to 2 : 1 in the center, but in the periphery, it became 3 : 1 ( 9 ) . Apart from these xanthophylls, the other carotenoids like ␤ -carotene and lycopene were found to have a beneficial role in the prevention of risk related to free radical generation ( 10 , 11 ) .
Traditionally, food is considered as a good source of carotenoids in terms of the provitamin-A activity exhibited by some of them, like ␤ -carotene. The consumption of fruits and vegetables always depends upon the affordability, availability and food habits of people in different E-mail: tvelpandian@hotmail.com parts of the world. However, the potential role of lutein and zeaxanthin in degenerative ocular conditions is very surprising even though they lack provitamin A activity. Only very few carotenoids are routinely measured in food, human serum and tissues but the dietary uptake showed a high variability within and between subjects and among populations (12) (13) (14) (15) (16) (17) . This is well correlated with several contributing factors like the nature of dietary changes among the population, seasonal variations in the content and the methodological aspects (18) (19) (20) (21) . The increasing population along with increasing life expectancy, high ultraviolet levels, diverse food customs and genetic variation makes India a preferred destination for the studies to evaluate any possible correlation between the role of dietary carotenoids and their ocular availability with respect to AMD.
Therefore a preliminary screening was undertaken to estimate the total xanthophylls, ␤ -carotene and lycopene in commonly available fruits and vegetables in the northern and southern parts of India. Selected vegetables having higher xanthophyll content from both parts of India were tested for the quantification of lutein and zeaxanthin. In order to evaluate the quantity of lutein and zeaxanthin in human eyes, representative cadaver macula were obtained from the southern and northern parts of India and were subjected to HPLC analysis.
MATERIALS AND METHODS
Chemicals. Pure standards of xanthophyll (containing a minimum 70% total carotenoids as xanthophylls from alfalfa), ␤ -carotene and lycopene were obtained from Sigma Chemicals, USA. Lutein (90% pure as xanthophyll) and zeaxanthin (95% pure) were obtained from Fluka, USA. Sudan III was purchased from Qualigens Pvt. Ltd. (Mumbai, India). HPLC-grade solvents were purchased from Merck, Germany. All other chemicals and solvents used were of analytical grade unless specified. Water used was 18.2 M ⍀ prepared using Milli-Q gradient from double distilled water.
Collection of fruits and vegetables. Fruit and vegetable samples were collected in triplicate from both zones of India. Fresh vegetables and fruits were collected from the local market in Delhi to represent North India and from Madurai and Chennai to represent South India. The collected samples were transported quickly to the laboratory and were subjected to extraction along with internal standard for the analysis by high performance liquid chromatography (HPLC).
Collection of macula from donor eyes. The remaining parts of eyes after harvesting the cornea for transplantation were obtained from eye banks for this analysis. The protocol (A-06; 16 June 2006) was approved by the Standing Institutional Human Ethics Committee (IHEC) of All India Institute of Medical Sciences (AIIMS), New Delhi, India. To represent south India, the eyes were obtained from the Eye Bank of Aravind Hospital, Madurai, whereas to represent north India, eyes were collected from the National Eye Bank located in Dr. R.P. Centre at All India Institute of Medical Sciences, New Delhi. All samples were confirmed about their nativity and found to represent northern and southern parts of India respectively.
All eyes were subjected for visual examination under an operating microscope to exclude the presence of any obvious ophthalmic disease. After carefully removing the vitreous, macular tissue was excised with an 8 mm diameter circular punch centered on the fovea with the help of the operating microscope. The excised tissue was carefully transferred to a pre-weighed microcentrifuge tube and stored at Ϫ 86˚C till the analysis.
Processing the matrix for HPLC with PDA analysis. All vegetables and fruits were cleaned with distilled water and gently blotted to remove excess of moisture. Each sample amounting to 5 g was accurately weighed and subjected to extraction using the procedure described by Sommerburg et al. ( 22 ) . Briefly, the samples were homogenized in a pestle and mortar after the addition of 10 L of Sudan III (internal standard) from the stock concentration of 100 g/mL in methanol along with 1 mL phosphate buffered saline (PBS) (10 m M NaH 2 PO 4 , water with 0.15 M NaCl adjusted to pH 4.7). The homogenate was transferred to a clean vial and 1 mL of methanol containing butylated hydroxy toluene (0.5 mg/mL) (BHT, Fluka) was added. To extract carotenoids from the samples, 2 mL of hexane was added and vortexed for 2 min. It was centrifuged at 5,800 ϫ g for 10 min. The clear upper layer containing carotenoids along with internal standard was collected carefully and evaporated to dryness using a vacuum concentrator (Christ Rotovac RTVC 2-6, Germany) at 35˚C. The residue was then reconstituted with 200 L pure methanol and 20 L was tested for estimation of carotenoids (xanthophyll, ␤ -carotene, lycopene and internal standard) by HPLC method-I. The selected vegetables and fruits showing higher xanthophyll content were subjected to the quantification of lutein and zeaxanthin using the HPLC method-II.
The macula from each donor eye was homogenized with 0.2 mL of ethanol and water (1 : 1) in a tissue homogenizer (Polytron, PT-MR 2100, Kinematica AG, Switzerland) along with 10 L of Sudan III. The homogenate was extracted with 0.5 mL of hexane and it was evaporated to dryness by a vacuum concentrator at 35˚C. The resulting residue was reconstituted with 0.2 mL of methanol and subjected to the estimation of lutein and zeaxanthin by using HPLC method-II.
HPLC method-I. A comprehensive HPLC method was optimized to elute all the carotenoids under study in a single run. This was achieved by using a HPLC system that consists of a quaternary gradient Surveyor HPLC (Thermo Electron Corp, USA) pump connected with a C8 column (Betabasic C8, 150 mm ϫ 4.5 mm, 5 m particle size, Thermo Electron Corp) with a photodiode array detector (Surveyor, USA). The mobile phase consisted of water (1%), methanol containing 0.1% triethylamine (14%), acetonitrile (80%) and ethyl acetate (5%) and was pumped at a flow rate of 1.5 mL/min. The column temperature was maintained at 25 Ϯ 1˚C and the sample tray was maintained at 15˚C. The spectral analysis for the detection of individual carotenoids was made at 448 nm for xanthophyll, 450 nm for ␤ -carotene and 470 nm for lycopene. Sudan III was used as internal standard (IS) and its spectrum was analyzed at 530 nm. In this analysis xanthophylls were estimated and expressed as undifferentiated xanthopyll content in g/g wet weight of the vegetable and fruit. The spectrum of each carotenoid was matched with an inbuilt PDA library option using Chromquest (Ver. 4.5) software (Thermo Electron Corp).
HPLC method-II. A modification in the aforesaid HPLC method was done for the separation and quantification of lutein and zeaxanthin in macula as well as in selected fruits and vegetables. The mobile phase consisted of 100% pure ACN, pumped at a flow rate of 0.4 mL/min using the column Purospher Star (55 mm ϫ 4 mm, 3 m particle size, Merck). The spectral analysis was done using a custom-made option in a PDA spectral library for lutein, zeaxanthin and IS. For quantification, analytical wavelengths of 448, 450 and 530 nm were used for lutein (Fluka), zeaxanthin (Fluka) and sudan III respectively. An internal calibration curve plotted using appropriate blank matrices spiked with known amount of analytes was used for the quantification of lutein and zeaxanthin from samples.
RESULTS

Xanthophyll content in fruits and vegetables
Samples of 25 fruits and 73 vegetables were obtained from both parts of India of which 50 and 48 samples were collected from South and North India respectively. Considering the commonalities within the samples obtained from both parts of India, this study included 20 fruit and 51 vegetable varieties.
Under the given chromatographic conditions, undifferentiated total xanthophyll eluted at the retention time of 0.8 min, internal standard at 1.6 min, lycopene at 3.5 min, and ␤ -carotene at 6.1 min. The method used was sensitive enough to pick up to 15.6, 7.8, and 18.75 ng/mL concentrations of xanthophyll, lycopene and ␤ -carotene, respectively. The representative chromatogram is shown in Fig. 1 . The levels of various ca- rotenoids in commonly consumed fruits of north and south India are shown in Table 1a and 1b, respectively. Their levels in commonly consumed vegetables of north and south India are shown in Table 2a and 2b, respectively. In this study, the xanthophyll content was found to be more than 10 g/g in the fruits and vegetables such as black grapes, fully ripened guava, beans, broad beans, carrots, green chilli, cluster beans, coriander leaves, curry leaves, drumstick leaves, edible amaranth, fenugreek leaves, ginger, guardbeans, hummingbird tree leaves, mint leaves, pumpkin, sorrel leaves, tinda, turkey berry, bitter gourd, gherkin, kundru and snake gourd. ␤-Carotene content was found to be more than 10 g/g in carrots, coriander leaves, dwarf copperleaves, guardbeans, humming bird tree leaves, sorrel leaves, snake gourd and mango. Lycopene content was found to be more than 10 g/g in red carrots, snake gourd and guardbeans.
Lutein and zeaxanthin content in fruits and vegetables
The selected fruits and vegetables showing high xanthophyll content were subjected to the analysis of lutein and zeaxanthin content. This study was conducted in 20 fruits and vegetables. Among them 9 samples were obtained from the Northern part of India and 11 were obtained from the Southern part of India. Together they have contributed 15 varieties of fruits and vegetables. In the method standardized for the separation of lutein and zeaxanthin, lutein eluted at the retention time of 5.1 min, zeaxanthin at 5.5 min and IS at 7.5 min. The representative chromatogram is shown in Fig. 2 .
This study confirmed the high amount of lutein (more than 10 g/g) present in spinach, coriander leaves, mint leaves, bitter gourd, snake gourd and green chilli. Zeaxanthin content was found to be higher (Ͼ10 g/g) in snake gourd, mint leaves and pumpkin. The quantity of lutein and zeaxanthin in vegetables and fruits obtained from both Northern and Southern parts of India are shown in Table 3a and 3b, respectively.
Lutein and zeaxanthin content in macula
The distribution of lutein and zeaxanthin in cadaver macula obtained from the northern and southern parts of India along with age is shown in Fig. 3 . A total macular lutein and zeaxanthin content of 0.5Ϯ0.1 and 0.6Ϯ0.1 ng/mg (meanϮSE) was found in the total of 55 eyes (28 pairs plus one) by including cadaver eyes from both the northern and southern parts of India. This group showed a mean age of 60.5 y (median 67 y, range 15-92 y) with a male : female ratio of 3 : 4. The mean lutein to zeaxanthin ratio (northern and southern India) was found to be 0.77Ϯ0.04 (meanϮSE). The mean lutein and zeaxanthin levels along with their ratio in northern, southern and together in India are shown in Fig. 4 .
The mean macular levels of lutein and zeaxanthin from the northern part of India were found to be 0.8 ng/mg and 1 ng/mg wet weight of macula, respectively. These values were derived from the cadaveric eyes of 8 males and 7 females having the mean age of 50 y (median 52 y, range 15-83 y). The mean lutein to zeaxanthin ratio in northern India was found to be 0.82Ϯ0.06 (meanϮSE).
The mean macular levels of lutein and zeaxanthin from the southern part of India were found to be 0.2 and 0.2 ng/mg wet weight of macula and these values were obtained from the cadaveric eyes of 4 males and 9 females having the mean age of 74 y (median 74 y, range 59-92 y). The mean lutein to zeaxanthin ratio in southern India was found to be 0.71Ϯ0.06 (meanϮSE). The decreased macular lutein and zeaxanthin levels in the southern cadaveric macula was found to be statistically significant (pϽ0.001) as compared to the cadaveric macula from the northern part of India. Although the lutein and zeaxanthin levels significantly decreased in Southern cadaveric eyes, their lutein to zeaxanthin ratio remained the same and unaltered.
Calculation and statistics
For the expression of xanthophyll content in fruits and vegetables the unit of g/g has been used. Considering the diversity in the units denoting xanthophyll concentration in the literature, a relative unit of ng/mg wet weight of the tissues has been used in this study. Sigma Stat Ver. 2 was used for the calculation of statistics and Mann-Whitney rank sum test was used for testing the significance between macular levels of lutein and zeaxanthin between the northern and southern parts of India.
DISCUSSION
Age-related macular degeneration (AMD) is the common cause of irreversible vision loss in the elderly. In humans as well as in plants, xanthophylls are believed to function in two important ways: first as a filter for high-energy blue light, and second as an antioxidant that quenches and scavenges photo-induced reactive oxygen species (23) . The main dietary sources of lutein are green vegetables, especially dark green varieties such as spinach, broccoli, and lettuce (24) , whereas the principal source for zeaxanthin is yellow corn and other sources including oranges, yellow vegetables, alfalfa and marigold flowers. It is believed that the age-related metabolic and structural changes in the retina may contribute to the pathogenesis and progression of AMD (25) (26) (27) (28) , which could be prevented or delayed by consuming food rich in lutein and zeaxanthin (29) (30) (31) .
Despite the fact that the metabolites of lutein and zeaxanthin have been isolated and characterized in nearly all human ocular tissues such as the ciliary body, retinal pigment epithelium (RPE), iris, lens, macula, and peripheral retina, their role and biological functions remain unclear. However, the crystalline lutein offers a protection against cataracts and therefore, lutein was proposed as a generally recognized as safe (GRAS) nutrient for protection against the risk of cataracts (23) .
Therefore, knowledge about the source of these carotenoids in commonly consumed fruits and vegetables is very crucial for preventive measures. As carotenoid content in food differs from country to country, the reported content of carotenoids in fruits and vegetables from western and European countries may not be applicable to fruits and vegetables of Indian or Asian origin and vice-versa. Therefore, the present study was undertaken to quantify the amount of carotenoids (especially xanthophylls, lycopene and ␤-carotene) in fruits and vegetables which are commonly consumed in India. To enable this study, fruits and vegetables were collected from both the northern and southern parts of India. As macular xanthophyll concentration is an indicator of dietary intake and their subsequent ocular availability, this study estimated and compared the cadaveric macular xanthophylls from the northern and southern parts of India.
According to the Beaver Dam Eye Study, Blue Mountain Study and Rotterdam Study, the prevalence of AMD was found to be 1.7% in US, 1.4% in Australia and 1.2% in the Netherlands, respectively (32) (33) (34) . An initial Indian study estimated the prevalence as higher in Northern India (4.7%) than in Southern India (2.7% early to 0.6% late AMD). However, the findings of the recent INDEYE study estimated the prevalence of early AMD (Grade 1 and 2) as similar to that observed in Western populations but Grade 3 appeared to be lower (35) . The INDEYE study reported data from both the northern and southern India taking 7,518 subjects aged 60 y and above. Interestingly, the INDEYE study has also reported a significantly higher incidence of Grade 2 AMD of 8% in southern India as compared to 5.4% in northern India (pϽ0.01). As life expectancy is increasing in India, understanding these factors is of immense importance for health care. Therefore, this study was conducted to evaluate the macular xanthophyll levels from randomly selected representative cadaver eyes from the northern and southern parts of India. The present study showed that the macular xanthophyll levels of southern India are approximately 4 times lower than those of northern India, which was found to be significant (pϽ0.001). However, the levels found in north Indian donors are comparable to the values reported worldwide. Such difference between northern and southern European countries regarding the visual impairment and quality of life in the older European Population has also been reported in the EUREYE study (36) . However, its relevance to the intensity of ultraviolet/visible radiation in southern regions of Europe and Asia in accordance with the importance of macular pigments and visual impairment need to be addressed.
In the present study the levels of xanthophylls are expressed as nanogram/milligram (ng/mg) of macula after using an 8 mm punch. The macular xanthophyll levels of the present study are comparable with the levels reported by Bhosale et al. (37) . Northern India macular xanthophyll density for lutein 8Ϯ4.7 ng and zeaxanthin 9.5Ϯ4.6 ng extrapolated for a 4 mm punch compares favorably with the previously published values of 9.3Ϯ5.8 ng of lutein and 10.1Ϯ6.8 ng zeaxanthin respectively for 4 mm punches in a western population (37) . The south Indian macular xanthophylls were found to be lower than in northern India as well as in western populations.
The blood levels of lutein and zeaxanthin were reported to be 0.101 mol/L and 0.02 mol/L in cataract and 0.114 mol/L and 0.023 mol/L in non-cataract in the northern India population, respectively (38) . The macular pigment from this study estimated the northern India cadaver eye levels of lutein and zeaxanthin as 1.4 mol/kg and 1.7 mol/kg, respectively. Correlating both showed that the macular levels of lutein and zeaxanthin were approximately 14 and 83 times that of their blood concentration, respectively.
The subgroup analysis between Ͻ50 y and Ͼ50 y of age in macular content of xanthophylls of northern India revealed that the Ͼ50 y group showed a borderline decrease as compared to the younger group, which was found to be statistically insignificant. Similar results were also reported by Ciulla and Hammond (39) , after assessing the macular pigment density with aging in the normal elderly and those with cataracts and age-related macular degeneration. Therefore, the total macular xanthophylls of northern India (including both below 50 y and above 50 y) were compared with southern India which predominately had macula of the elderly group in our study. Further comparison with the mean xanthophyll values of the elderly group of northern India (age matched) with the elderly group of southern India also showed the same level of significance (pϽ0.001) in the macular levels of xanthophylls. This observation emphasizes that the food habits of southern India (predominately rice eaters) and northern India (predominately wheat eaters) have a significant role in macular health. Still it is impracticable to generalize as every state in India has a significant difference in food customs and habits. The macula collected from northern India may not be a true representation of the cross section since the food habits of a diverse urban population could be different from those of a rural population due to varying socio-economic factors. Moreover, the food habits are further complicated in India due to religious and family sentiments, with a large group of lacto-ovo vegetarians, lacto-vegetarians, vegans and others (both plant and animal product eaters). A further detailed study would be required to explore the food habits linked with levels of macular pigments. Based on the findings of several epidemiological studies and the AREDS study group, daily intake of high doses lutein, 6-20 mg/d as compared to the regular mean dietary intake of 1-2 mg/d, are used in the elderly population at the risk of visual loss from AMD (37) . Lutein is known to degrade when subjected to cooking at higher temperatures; therefore, the availability of lutein in the staple food of southern India is doubtful as very little raw vegetable is consumed regularly in their food habit as compared to northern India.
Understanding the typical food habits and promoting the utilization of the locally available vegetables rich enough in dietary source is expected to increase macular health. Therefore, in this attempt we have selected fruits and vegetables (commonly consumed by the population) to represent both the northern and southern parts of India. Among the vegetables (nϭ51) analyzed, the higher content of all three carotenoids, i.e. xanthophylls, lycopene and ␤-carotene, were found in guardbeans, snake gourd and carrots. Higher amounts of xanthophylls and ␤-carotene were found in coriander, dwarf-copper, humming bird tree leaves, sorrel and mint leaves. Beans, bitter gourd, broad beans, green chillies, cluster beans, curry leaves, drumstick leaves, edible amaranth, gherkin, ginger, kundru, pumpkin, spinach, tinda and Turkey berry were found to have a sufficient amount of xanthophylls and most of them are affordable and inexpensive for the general population of both the northern and southern parts of India.
To conclude, the present study revealed that the ageing eyes in southern India are significantly lacking macular xanthophylls as compared to those in northern India. Although many of the commonly available vegetables and fruits in both parts of the country have adequate amounts of xanthophylls, the way of life, food habits and lack of care or knowledge may be responsible for the low levels of xanthophylls in elderly people in the southern part of India. Therefore, the present study is expected to be of great help in establishing commonly available dietary vegetable and fruit supplements for the effective prevention or delay of age-related ocular diseases where light-induced oxidative stress is a cause. Further studies with more samples, knowledge about the xanthophyll content in cooked food and its bioavailability are required to interpret our findings.
